Acetylation of biomolecules is gaining increased attention due to both the abundance and 20 importance of this modification across all kingdoms of life. Xylans are a major component of 21 plant cell walls and are the third most abundant biopolymer in Nature. O-Acetyl moieties are the 22 dominant backbone substituents of glucuronoxylan in dicots and play a major role in the polymer-23 polymer interactions that are crucial for proper wall architecture and normal plant development. 24 Here, we describe the biochemical, structural, and mechanistic characterization of Arabidopsis 25 thaliana xylan O-acetyltransferase 1 (AtXOAT1), a member of the plant-specific Trichome 26 Birefrigence Like (TBL) family that catalyzes the 2-O-acetylation of xylan. A multipronged 27 approach involving X-ray crystallography, biochemical analyses, mutagenesis, and molecular 28 simulations show that XOAT1 catalyzes xylan acetylation through formation of an acyl-enzyme 29 intermediate by a double displacement bi-bi mechanism involving a Ser-His-Asp catalytic triad 30 and unconventionally employs an arginine residue in formation of an oxyanion hole. 31 32 33 34 2 2 MAIN TEXT 35
AtXOAT1, we performed in vitro xylan acetylation assays to compare the ability of p-nitrophenyl 167 acetate (pNP-Ac), acetylsalicylic acid (ASA), acetyl-CoA and 4-methylumbelliferylacetate 168 (4MU-Ac) to function as donor substrates for AtXOAT1. Matrix-assisted laser desorption 169 ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis of the reaction products 170 indicated that recombinant AtXOAT1 catalyzes the transfer of O-acetyl moieties from all four 171 substrates to Xyl 6 -2AB. Compared to acetyl-CoA, pNP-Ac, ASA and 4MU-Ac all serve as better 172 donor substrates in vitro (Fig. 1c ). This is consistent with a recent report by Ye and colleagues 173 that was published during the preparation of this manuscript (Zhong et al. 2019) . 174 The preference for non-acetyl-CoA co-substrates is consistent with what was observed for 175 PatB (Moynihan and Clarke 2013) , and calls into question the identity of the natural acetyl donors 176 for this enzyme family in planta. However, the observation that AtXOAT1 is able to utilize 177 surrogate compounds as donor substrates facilitated the development of an in vitro xylan 178 acetyltransferase assay utilizing the chromogenic acetyl donor pNP-Ac, adapted from methods 179 described for bacterial polysaccharide acetyltransferases (Brott et al. 2019) . We performed 180 spectrophotometric assays to evaluate the O-acetyltransferase activity of AtXOAT1 by using 181 pNP-Ac as a donor substrate together with increasing concentrations of xylopentaose (Xyl 5 ) as an 182 acceptor to validate the robustness of our assays (Fig. S1 ). The release of pNP increased in 183 parallel with the concentration of Xyl 5 added to the reactions, indicating that the presence of Xyl 5 184 facilitates the activity of AtXOAT1 as a xylan O-acetyltransferase and confirmed that this is a 185 robust method to determine the biochemical properties of xylan acetyltransferases. Next, we 186 evaluated the ability of AtXOAT1 to use xylobiose and xylooligosaccharides with degrees of 187 polymerization (DP) from two to six as acceptors, and showed that xylotriose is the smallest 188 acceptor that AtXOAT1 is able to O-acetylate ( Fig. S2 ), consistent with prior biochemical 189 analyses of AtXOAT1 using 14 C-labeled acetyl-CoA, confirming the robustness of the 190 spectrophotometric assay (Zhong et al. 2017) . unmodified peptides with a difference in molecular weight of 42 Da (shifted by m/z 2 for the 200 doubly charged ion where z = 2; Fig. S3 ) corresponding to an attachment of an acetyl group. The 201 sequences of the peptides were mapped by MS/MS analysis, showing that the putative active Ser 202 residue, S216, was the acetylation site, as shown in the higher energy collisional dissociation 203 (HCD) fragmentation spectra (Fig. S4 ). Further analysis of the peak areas of the extracted ion 204 chromatographs (XIC) indicated that about 59% of the acetylated peptide population was formed 205 when acetyl-CoA was used as a donor substrate for AtXOAT1, while 73%, 74% and 83% of 206 peptide populations were acetylated when pNP-Ac, ASA and 4MU-Ac were used as donors, 207 respectively ( Fig. 1d ). It is worth noting that the preferential donor substrates for AtXOAT1 208 revealed by the results of acyl-enzyme intermediate analysis are consistent with our MALDI-TOF 209 MS analysis of the products of the in vitro assays (Fig. 1c) , revealing that acetyl-CoA is the least 210 preferred donor for AtXOAT1 catalysis. Furthermore, the formation of an acetyl-enzyme 211 intermediate at S216 suggested a double displacement mechanism for AtXOAT1-catalyzed acetyl 212 transfer.
213
AtXOAT1 is an obligate 2-O-acetyltransferase 214 The spontaneous migration of acetyl groups has been proven to occur on 215 xylooligosaccharides between the O-2 and O-3 positions of xylosyl backbone residues (Kabel et 216 al. 2003) , and can even rapidly migrate to position 4 on the non-reducing end (Biely et al. 2004) . 217 This makes it difficult to examine the regiospecificity of O-acetyltransferases by solely analyzing 218 the products after the reaction is completed (Zhong et al. 2017) . Therefore, the interpretation of 219 data regarding polysaccharide acetylation can be difficult, and it is unclear whether equilibrium 220 conditions observed are present in the native plant polysaccharide itself or are established during 221 isolation procedures. Indeed, Kabel et al. (Kabel et al. 2003) have specifically shown that freeze-222 drying and/or re-dissolving the isolated material promotes acetyl migration on 223 xylooligosaccharides, confirming that the position and distribution of O-acetyl moieties cannot be 224 extrapolated to the xylan structures present in the plant. Hence, the phenomenon of acetyl 225 migration complicates determining XOAT1's enzymatic regiospecificity.
In order to 226 unambiguously confirm the regiospecificity of these enzymes, we developed an experimental 227 approach that that can rapidly monitor spontaneous changes in the product during catalysis and 228 after product formation. In these assays, we measured product formation from time zero as the 229 enzyme is functioning in real time at 5 min intervals, confirming that the enzyme is an obligate 2- AtXOAT1-nv). Expression and secretion of GFP-AtXOAT1-fl (~121 mg L -1 ) and GFP-260 AtXOAT1-cat (~92 mg L -1 ) in HEK293S (GnTI-) cells yielded high levels of secreted 261 recombinant fusion protein based on GFP fluorescence (Table S1 ) . The 262 activities of AtXOAT1-fl and AtXOAT1-cat and were virtually the same. Reactions performed 263 with AtXOAT1-nv did not result in the production acetylated products, as expected ( Fig. S5c ), 264 and AtXOAT1-nv was used as a control protein for comparative analysis using chromogenic 9 9 substrates in later experiments. AtXOAT1 activity (Zhong et al. 2017) , and our structural data now confirms that these residues whereas PatB1 transfers an acetyl moiety from acetylated donor molecules, such as pNP-Ac onto 320 the C3 hydroxyl of terminal β-GlcNAc residues of peptidoglycan and hence is somewhat related 321 by function to AtXOAT1. Catalytic activity in these four similar proteins is also carried out by a 322 conserved Ser-His-Asp catalytic triad. It is interesting to note that the order of appearance of the 323 secondary structure domains; as well as the catalytic triad in the amino acid sequence is Ser-Asp- proteins may be evidence of convergent evolution for use of a common catalytic triad, despite low 11 11 primary sequence similarity among the enzymes (≤10%). This has previously been found for 332 serine proteases containing a similar conserved catalytic triad (Buller and Townsend 2013) . To evaluate the involvement of these conserved amino acids in the TBL family that may 361 play an important role in catalysis, we carried out site-directed mutagenesis of these residues in 362 AtXOAT1 by substituting them with alanine. As a control, we also mutated the catalytic residues 363 (S216A, H465A and D462A), and verified that they abolish O-acetyltransferase activity as 12 12 revealed by MALDI-TOF MS analysis of the reaction products ( Fig. 4a ). This confirmed that 365 Ser216A, His465A and Asp462A are loss-of-function mutations that lack both transferase and 366 esterase activity (Fig. 4b) , and confirm the robustness of our in vitro assay. It is important to note 367 that the esterase activity discussed here is indicated by release of p-nitrophenyl in the absence of acetyl oxyanion during the formation of the tetrahedral reaction intermediates (Fig. 3c ). 393 We designed an R219A variant of AtXOAT1 to investigate its role in catalysis. The 394 R219A variant is not capable of catalyzing the transfer of acetyl groups to Xyl 6 -2AB ( Fig. 3a) , 395 indicating that Arg219 plays an important role in AtXOAT1 catalysis. The hydrophilic side chain 396 of Arg219 is positioned at the surface of the active site cleft, suggesting that this residue may play 13 13 a role in forming the correct conformation of the catalytic site, and might be important for the 398 oxyanion hole formation. Furthermore, Arg219 was observed to be an important active site 399 residue involved in binding the donor molecule in the MD simulations. However, it is worth 400 noting that even though transferase activity is abolished in the R219A variant as evidenced by 401 MALDI-TOF MS of the reaction products ( Fig. 3a) , it retains esterase activity indicating that 402 formation of the acyl-enzyme intermediate can still proceed to some extent (Fig. 3b ). 403 Furthermore, this esterase activity increases when xylo-oligo acceptors are present in the reaction, 404 as revealed by the spectrophotometric assay ( Fig. 3b ), despite its inability to transfer an O-acetyl 405 moiety to the acceptor (Fig. 3a) . The increased esterase activity of R219A may indicate that the 406 binding of the acceptor substrate stabilizes folding of AtXOAT1 or contributes to formation of the 407 oxyanion hole during the transfer of the acetyl group to the acceptor. Alternatively, in the absence 408 of the guanidinium group of Arg219, the oligosaccharide may bind in an unproductive geometry 409 that directs the movement of a water molecule to a position from which it can attack the serine-410 bound acetyl group, facilitating its hydrolysis. Thus, the binding of xylo-oligo substrates increases 411 the esterase activity of R219A, and this mutation completely disrupts transferase activity, 412 meaning Arg219 is critical for transferase activity and likely plays a role in limiting ester 413 hydrolysis. 414 In most SGNH hydrolases, the side-chain amide of a conserved asparagine in SGNH 415 block III is also important to maintain the stability of the oxyanion hole by serving as a hydrogen 416 bond donor for stabilization of the transition state. While we hypothesize that the guanidinium 417 moiety of an arginine residue in AtXOAT1, like PatB1, is a key contributor to formation of the 418 oxyanion hole, we also observe the presence of an asparagine residue (Asn220) that is located 419 close to the Ser-His-Asp catalytic triad ( Fig. 3c )with its side chain amide pointing away from 420 the active site. Thus, we evaluated the plausible role of Asn220; however, the N220A variant, Asp215 resides directly next to the catalytic Ser216, which is the site of nucleophilic 432 attack during both stages of the mechanism (Fig. 3c ). Mutation of Asp215 to Ala (D215A) 433 abolished both AtXOAT1's esterase and transferase activities ( Fig. 3a) as well as the level of 434 released pNP in the hydrolysis assay was similar to that of the catalytically inactive control 435 AtXOAT1-nv (Fig. 3b ). Since Asp215 lies very close to the catalytic site, it may contribute to 436 stabilizing the active site conformation. Mutation of Asp215 resulted in a ~75% decrease in 437 production of soluble secreted protein ( is situated on an -helix that is part of the major lobe of AtXOAT1 (Fig. 2c ). This may explain 476 the observation that the acid-base distances are shorter than the base-nucleophile distances. (Fig. 1d, Fig. S3 and Fig. S4) showing that AtXOAT is able to utilize all acetyl donors 499 investigated in formation of the acyl-enzyme intermediate. Data collection and processing 599 The AtXOAT1-cat crystals were flash frozen in a nitrogen gas stream at 100 K before The atomic coordinates of XOAT1cat have been deposited into the Protein DataBank (accession 758 code 6CCI; http://www.rcsb.org/pdb). Sequence data for the genes that were described in this 759 article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the 760 following Arabidopsis AGI locus identifiers: At5g06700 (AtTBR); At3g12060 (AtTBL1); 761 At1g60790 (AtTBL2); At5g01360 (AtTBL3/AtXOAT4); At5g49340 (AtTBL4); At5g20590 762 (AtTBL5); At3g62390 (AtTBL6); At1g48880 (AtTBL7); At3g11570 (AtTBL8); At5g06230 763 (AtTBL9); At3g06080 (AtTBL10); At5g19160 (AtTBL11); At5g64470 (AtTBL12); At2g14530 764 (AtTBL13); At5g64020 (AtTBL14); At2g37720 (AtTBL15); At5g20680 (AtTBL16); At5g51640 765 (AtTBL17/AtYLS7); At4g25360 (AtTBL18); At5g15900 (AtTBL19); At3g02440 (AtTBL20); 766 At5g15890 (AtTBL21); At3g28150 (AtTBL22/AtAXY4L); At4g11090 (AtTBL23/AtMOAT1); 767 (AtTBL24/AtMOAT2); At1g01430 (AtTBL25/AtMOAT3); At4g01080 768 (AtTBL26/AtMOAT4);At1g70230 769 (AtTBL27/AtAXY4);At2g40150 (AtTBL28/AtXOAT2); At3g55990(AtTBL29/AtXOAT1/AtES 770 K1); At2g40160 (AtTBL30/AtXOAT3); At1g73140 AtTBL31/AtXOAT5); At3g11030 771 (AtTBL32/AtXOAT6); At2g40320 (AtTBL33/AtXOAT7); At2g38320 (AtTBL34/AtXOAT8); 772 At5g01620 (AtTBL35/AtXOAT9); At3g54260 (AtTBL36); At2g34070 (AtTBL37); At1g29050 773 (AtTBL38); At2g42570 (AtTBL39); At2g31110 (AtTBL40); At3g14850 (AtTBL41); At1g78710 774 (AtTBL42); At2g30900 (AtTBL43); At5g58600 (AtTBL44/AtPMR5); At2g30010 (AtTBL45). representation with the carbons colored yellow along with the important residues stabilizing it. 1044 The distance for proton transfer to generate the nucleophile on the xylose unit is shown with 1045 dashed lines. 
